A method for extracting values of oxide and interface charge from the current-voltage (I-V) characteristics of long-channel MOSFETs is described. The one-dimensional charge-sheet model developed by Brews provides the basis for the I-V characteristics. The I-V characteristics given by this model are optimized with respect to a set of experimental data for an irradiated devrice with the flatband voltage and the mobility the only free parameters. Simple relationships between these parameters and the radiation-induced interface and oxide charge are assumed. perimental I-V data. The fitting parameters are the transistor fiatband voltage and the inversion layer mobility. Section 2 discusses the physical assumptions made in this paper and the link between the fitting parameters and the oxide and interface charge. Section 3 briefly reviews the charge-sheet model developed by Brews.5 Sections 4 and 5 present an application of this method and a comparison of the results to two other methods for extracting oxide and interface charge information from MOSFET I-V characteristics.4'6 2. Physical Assumptions The current-voltage characteristics of a long-channel MOS-FET can be accurately simulated from subthreshold to saturation using the one-dimensional charge-sheet model presented by Brews.5 Accurate input data (e.g., gate length and width, channel doping, oxide thickness, junction lateral diffusion) are required.7 For an irradiated MOSFET in which the electrical properties of the Si-SiO2 interface are altered, the assumption is made that physical parameters of the device such as channel length, oxide thickness, and channel doping are unaffected by radiation exposure and more importantly that these parameters can be measured independently. Using the one-dimensional charge sheet model as a basis for the I-V characteristics of the device, it is possible to vary flatband voltage and mobility to optimize the agreement between the predicted I-V curves and experimental data. This provides a systematic method for obtaining these parameters from the device I-V curves. If simple relationships between the radiation-induced oxide and interface charge and the observed changes in flatband voltage and channel mobility can be assumed, the radiationinduced oxide and interface charge can be extracted from the experimental I-V data.
Introduction
Ionizing radiation exposure degrades the measured currentvoltage (I-V) characteristics of metal-oxide-semiconductor fieldeffect transistors (MOSFETs). Radiation exposure results in a build-up of positive trapped charge in the oxide and an increase in interface trap density at the Si-SiO2 interface. Shifts in device electrical characteristics due to these "physical effects" have been used to extract values for the radiationinduced oxide trapped charge and the radiation-induced interface traps. Recent work by Winokur et al.,' Benedetto and Boesch,2 and Gaitan and Russell' have discussed the measurement of radiation-induced interface traps using methods based on changes in MOSFET subthreshold current characteristics.
Winokur et al.P also present a technique for separating MOS-
FET threshold voltage shifts into components due to interface states and to trapped oxide charge. Another approach to determining the radiation-induced oxide and interface charges was described by Galloway et al. 4 This paper4 makes assumptions as to the effects of the radiation-induced charge on channel mobility and channel charge and uses these assumptions with the gradual channel approximation. Expressions are derived which relate the radiation-induced interface charge to changes in device transconductance, while changes in both interface and oxide charge are related to threshold voltage shifts. The expressions developed are only valid in the linear region of MOSFET operation. This paper describes a method for extracting values of the radiation-induced oxide and interface charge from the currentvoltage characteristics of long-channel MOSFETs. The method involves fitting the one-dimensional charge sheet model for MOSFET I-V characteristics introduced by Brews' to the experimental I-V data. The fitting parameters are the transistor fiatband voltage and the inversion layer mobility. Section 2 discusses the physical assumptions made in this paper and the link between the fitting parameters and the oxide and interface charge. Section 3 briefly reviews the charge-sheet model developed by Brews.5 Sections 4 and 5 present an application of this method and a comparison of the results to two other methods for extracting oxide and interface charge information from MOSFET I-V characteristics.4'6 2. Physical Assumptions The current-voltage characteristics of a long-channel MOS-FET can be accurately simulated from subthreshold to saturation using the one-dimensional charge-sheet model presented by Brews.5 Accurate input data (e.g., gate length and width, channel doping, oxide thickness, junction lateral diffusion) are required.7 For an irradiated MOSFET in which the electrical properties of the Si-SiO2 interface are altered, the assumption is made that physical parameters of the device such as channel length, oxide thickness, and channel doping are unaffected by radiation exposure and more importantly that these parameters can be measured independently. Using the one-dimensional charge sheet model as a basis for the I-V characteristics of the device, it is possible to vary flatband voltage and mobility to optimize the agreement between the predicted I-V curves and experimental data. This provides a systematic method for obtaining these parameters from the device I-V curves. If simple relationships between the radiation-induced oxide and interface charge and the observed changes in flatband voltage and channel mobility can be assumed, the radiationinduced oxide and interface charge can be extracted from the experimental I-V data. capacitors.12 The entire transistor I-V characteristic is affected by this "fiatband voltage" parameter. The transistor flatband voltage, which includes the effects of work function differences and both oxide and interface charge, is the only term which is affected by ionizing radiation. Above threshold, for an nchannel enhancement-mode device, the shift in flatband voltage due to radiation-induced oxide and interface charge can be written as:
CoX In this expression, 6N0t is the increase in oxide charge due to radiation, q is the electronic charge, and Cox is the gate-oxide capacitance per unit area. Thus, for an n-channel enhancementmode MOSFET operating in strong inversion, the tacit assumption is that the net charge in interface traps is negative.
Charge-Sheet Model
The nonlinear one-dimensional charge-sheet model of the MOSFET developed by Brews5 assumes that the carrier density in the inversion layer is contained in a charge sheet of zero thickness. Thus, the current is constrained to flow along the oxide-silicon interface and there is no voltage drop across the inversion layer. For long-channel devices, it can be assumed that Poisson's equation can be solved in one dimension only because the potential variations along the channel are gradual compared to those normal to the channel. This model yields the following expression for the drain current:
where OSL is the potential at the drain and Oso is the potential at the source. This is eq (11) in the paper by Brews.5 Definitions of the parameters used in eq (3) This includes any charge effects in the oxide and work function differences usually included in the flatband voltage. The semiconductor surface is affected by the integral of these effects taken from the gate terminal to the surface. Thus, in the fitting procedure used here, VG in expressions given by Brews is the potential on the gate electrode minus the flatband voltage, VFB. '1 The difference between eq (3) and the measured data is the function to be minimized in the optimization routine. A computer program, CSFIT, was developed to fit the charge-sheet model to a set of experimental I-V curves with the fiatband voltage and the channel mobility as adjustable parameters. This program is described in Appendix B.
Results
Radiation effects data taken on devices fabricated using a self-aligned polysilicon gate bulk CMOS process were used to examine this procedure. The devices were from a test chip designated as NBS-39.1' The transistors were irradiated in the NBS cobalt-60 gamma source with the gate bias held at +9 V and the other terminals grounded. The dose rate was 9.55 krad(Si)/min. Prior to irradiation and after radiation doses of 10, 50, 100, and 500 krad(Si), the current-voltage characteristics were measured.
The physical parameters come from optical or SEM photographs and from high frequency C-V data from adjacent MOS capacitors prior to irradiation. The polysilicon channel length and width were obtained from optical micrographs. SEM micrographs yielded essentially identical results. The lateral diffusion under the polysilicon gate was obtained using the technique of Takacs et al. 4 The oxide thickness and average channel doping are obtained from analysis of high frequency MOS C-V data. Table I lists the device physical parameters used for an n-channel enhancement-mode device. This fitting procedure was exercised on an n-channel device. The I-V data fit had the drain voltage, VD, fixed at a nominal 0.25 V, while the gate-to-source voltages, VG, were varied from 0 to 5 V. Since the subthreshold region is most sensitive to the energy distribution of the interface charge while above threshold the total charge dominates, the fitting procedure was only used for values of drain current, ID, above 1 yA to reduce subthreshold influence. Figure 1 compares the results of the fitting procedure with the experimental data at 0, 100, and 500 krad(Si). The use of a log scale in this figure allows the transition from the linear region of operation to the near-subthreshold region to be observed in more detail. Figure 2 emphasizes the linear region. In figure 2 , the stretch-out of the transition from subthreshold to the linear region is greatest for the 500 krad(Si) data. No stretch-out is observed at or below 50 krad(Si). Considering the sources of error in obtaining the device physical parame- ters, the fits illustrated in figures 1 and 2 are excellent. Reference 7 discusses these sources of error in detail. Note that the inclusion of the energy distribution of interface states in the model was not necessary; the two fitting parameters, flatband voltage and mobility, were sufficient. In figure 3 , the charge-sheet model I-V curves in the saturation region using the parameters obtained from the fitting procedure are compared to measured data at 50, 100, and 500 krad(Si). Even though the parameters were obtained from a fit in the linear region of operation, this figure illustrates that they can be extrapolated to the saturation region. A fit to the I-V data with a nominal VD = 1.0 V resulted in a 5% variation in values for flatband voltage and mobility. Figure 4 gives the resulting charged interface charge density and figure 5 gives the oxide charge density as a function of radiation dose. The fitted values of flatband voltage and mobility were used in conjunction with eqs (1) and (2) to obtain these values. Data obtained using the weak inversion method3 and the method used in reference 4 are plotted for comparison. 
Discussion and Summary
The effective number of charged interface traps given by this technique differs from the number of traps measured on the same devices using both the weak inversion method' and the method based on a simple linear-region model4 (see figure 4) . Even though the qualitative trend from the three techniques is similar, they yield different values for the number of traps; this is not unexpected.
In terface traps per unit area (for an n-channel device) and of the effective oxide charge per unit area, respectively. Three elements in this technique lead to uncertainties: 1) the accuracy of the transconductance determination; 2) the convention that the threshold voltage shift is measured as the shift in gate voltage at a fixed drain current; and 3) the estimate of a (however, the same value is used in this paper).
The method described in this paper can be applied to irradiated MOSFET I-V data in both the linear and saturation regions of operation. The procedure requires detailed physical information for the device (see Table I ). The accuracy of the fit is comparable in both the linear and saturation regions and a single set of parameters, p and VFB, is obtained which is applicable in both regions. The simple assumptions of eqs (1) and (2) The input section of CSFIT consists of a input routine (Q and STSET (D. The input routine reads in measured dc MOSFET data and known device parameters. Also, this routine normalizes device parameters. The STSET subroutine, developed by Chandler,B2 reads in constraints on the minimization process, and sets controlling parameters for the fitting routine STEPIT. The fitting section uses STEPIT ® to minimize the objective function subject to the constraints imposed by the user. 4465 STEPIT finds a local minimum of any given smooth function of several parameters. The method used in STEPIT is an accelerated version of the "cyclic variation" or "one-variable-ata-time" method.
The model section consists of the subroutines MODEL i), CSO i, and FUNCTION i). The CSO subroutine solves the chargesheet equations for the potentials at the drain and source end of the channel, passing the values to FUNCTION which calculates the drain-to-source current. The calculated current is passed via (© and ) to the MODEL subroutine, which generates an objective function which is the sum of the squares of the differences between the measured and charge-sheet model drain currents. The STEPIT subroutine receives the objective function via i) and proceeds to 6j, to determine if the convergence tolerance on the minimization is satisfied. 
